Laser-based metrology has been identified as an enabling technology in the deployment of large, spaceborne observatories, where nanometer-level knowledge of fiducial displacement drives overall system performance. In particular, Nd:YAG NPRO (non-planar ring oscillator) based lasers have received considerable attention in this application because of their inherent high coherence at wavelengths of interest (1064 and 1319nm). However, the use of NPRO based lasers in decade long space missions is limited by typical 800nm-band pump laser diode wearout and random failure rates. Therefore, reliably achieving multi-hundred milliwatt NPRO power over prolonged mission lifetimes requires innovative pump architectures. In this paper we present a pump architecture capable of supporting continuous NPRO operation over 5.5yrs at 300mW with reliability exceeding 99.7%. The proposed architecture relies on a low-loss, high port count, all-fiber optical coupler to combine the outputs of multiple single-mode pump laser diodes. This coupler is capable of meeting the exacting environmental requirements placed by a space mission, such as SIM Lite.
INTRODUCTION
Spaceborne optical metrology and laser ranging applications require optical sources meeting the following broad characteristics:
 narrow linewidth, as wavelength stability is the fundamental limitation on the precision of the measurement gauge,  low intensity noise, given that intensity noise can limit phase measurement accuracy post heterodyne detection,  high optical power, particularly in applications requiring large numbers of metrology gauges and/or ranging at long distances.
Nd:YAG-based Non-Planar Ring Oscillator (NPRO) lasers first demonstrated in the 1980s 1, 2 are the laser of choice for these applications. These lasers produce hundreds of milliwatts of optical power at 1064 or 1319 nm and are notable for their low intensity noise and intrinsically narrow linewidth, ~ 4kHz free running. In addition to the aforementioned performance advantages, the compact NPRO cavity leads to an environmentally robust laser.
The SIM Lite astrometric observatory 3, 4 , part of the Exoplanet Exploration Program, plans to use a 1319nm, 300mW NPRO as the optical source for the metrology system. One of the NPRO Laser Heads (LH) developed for this program is shown in figure 1 . Greater LH details can be found in section 2.1. Laser Interferometer Space Antenna, (LISA) 5 plans to use a 1064nm NPRO for execution of the inter-spacecraft laser ranging. TES the band of interest extends from 805 to 809nm. Laser diodes in this wavelength region are fabricated from the GaAs/AlGaAs/InGaAsP family of materials. In this material family diode median life, m T , at rated conditions has been reported in the range of 5,000 8, 9 to 100,000 10, 11 hrs (0.5 to 11 yrs). Note that, at the median life, the population reliability is 50%; that is after m T elapsed hours half the diode population has failed. Assuming a median life of 100,000hrs and a mission life of 5.5yrs, the reliability of a population of diodes at mission end is 76%. This is unacceptable, given that missions demand greater than 99% reliability at mission end. In light of this, NPRO pumping schemes intended for spaceborne applications have evolved into configurations involving multiple pumps, each operating at de-rated conditions, and combined to deliver the necessary pump power to the NPRO over mission life.
Pump Beam
Laser Beam Figure 1 . Picture of SIM Lite NPRO based LH. The optical pump is delivered to the NPRO via multimode optical fiber. The laser beam is free space coupled to the remainder of the metrology system. An approach along these lines was reported by Heine et al 12 .
In the reported work 4 multimode pumps, each supplying ~ 1W, were combined to pump a 1064nm NPRO. For purposes of later comparison, generation of 300mW at this wavelength requires ~ 1.2W of pump power. The drawback of un-stabilized pump diodes is the changes in lasing spectra with operating conditions. Typical multimode pumps will experience spectral shifts of 0.3nm/ºC as diode temperature varies and 2nm/A as diode bias is adjusted. Moreover, multimode pumps exhibit broad spectral characteristics, ~ 3nm, placing pump energy over a wide range of the Nd absorption spectrum.
In this work we report on the design and initial demonstration of a Laser Pump Module incorporating single mode, grating stabilized 808nm pumps and a low loss, high port count optical combiner. The narrow linewidth single mode laser enables placement of the pump power near Nd peak absorption, thus enhancing pump efficiency. Grating stabilization leads to stable pump spectra as diode operating temperature and bias varies. The low loss, high port count optical combiner enables efficient combining of tens of pumps. Overall, the module supports 5yrs+ of continuous operation at 2W of pump power with reliability approaching 100%.
LASER PUMP MODULE DESCRIPTION

2.1
Introduction -Laser Pump Module An array of grating stabilized, 807 to 808nm pump diodes make up the LDF. The diode optical output is coupled to 5um core, SM fiber. A distance away from the chip front facet, the grating is implemented in optical fiber. This (the grating) acts to stabilize the lasing spectra over a range of diode operating conditions. A typical plot of diode spectrum is shown in figure 4a ) below, the lasing linewidth is ~ 0.4nm. The figure inset highlights the diode spectrum over a 60nm range with a logarithmic amplitude scale. The middle of the gain curve can be observed to the blue of the lasing mode. These commercially available diodes can deliver up to 150mW. To deliver the necessary pump power to the NPRO residing within the LH, tens of these diodes are combined through a low loss combiner.
The PBC is a 37 input by 1 output device. The input ports consist of 5um core SM fiber while the output port consists of 105um core, 0.15NA MM fiber, figure 4b ) shows a picture of a combiner plus protective glass capillary. Combiner fabrication consists of fusing the 37 input fibers while simultaneously tapering the fused region. At the completion of this process, the MM fiber is spliced at the end of the adiabatic taper and the combiner is sheathed by a capillary tube for protection. The PBC packaging will be discussed in Section 2.3. These commercial combiners consistently demonstrate less than 1dB insertion loss per channel.
The LH houses the NPRO and provides all conditioning necessary to ensure proper NPRO operation. Two large magnets ensure unidirectional propagation through the ring, mitigating hole burning. A set of heaters enable slow NPRO frequency tuning, while a piezo-electric transducer enables fast tuning. The pump light is delivered to the LH via MM optical fiber. Within the head, optical elements condition the pump beam to match the NPRO lasing mode profile, thus enhancing the pumping efficiency. 
Laser Diode Farm Configuration
When the mission commences, every one of N pump diodes that comprise the LDF will operate at the same bias and temperature, with their outputs combined to provide the required pump power, p P . Upon failure of the first pump, the bias on the remaining N-1 pumps is increased to sustain p P at a fixed value. The diode operating temperature remains unchanged during LDF operation. As pumps continue to fail, the bias on the remaining operating pumps is increased so as to maintain the pump power fixed. For the purposes of this discussion failure can be one of three distinct diode end states: 1) a sudden optical power drop out as in the case of random failure mechanisms, 2) a 20% increase in diode bias to sustain the desired optical power as in the case of wearout failure, 3) the diode population reaches the vendor specified maximum rated optical power.
The pump configuration, i.e. the number of diodes and their operating bias and temperature, were designed by considering diode wearout and random failure rates. Wearout mechanisms were assumed to follow a log-normal distribution, resulting in a failure rate 13 given by where w λ is the failure rate arising from wearout mechanisms, m T is the distribution median life, σ is the distribution standard deviation, and t is the time in operation for the diode population. In contrast, the random failure rate is time independent and was assumed to be given by r λ . 
where j identifies the number of failed diodes, the superscript o identifies operating conditions, the superscript r identifies rated conditions, aw E is the activation energy for wearout mechanisms, ar E is the activation energy for random failure mechanisms, o T is the diode temperature at operating conditions, r T is the diode temperature at rated conditions, o j P is the diode optical power at operating conditions after j diodes have failed, r P is the diode optical power at rated conditions, and n is the power exponent. After j failed diodes, the optical power produced by each of the remaining diodes is given by A Monte Carlo simulator incorporating these concepts was developed and run using the parameters listed in Table I . It was assumed, based on literature analysis and discussions with vendors, that the diode median life operating at 298K with 100mW output is 15khrs, while the random failure rate is 2,000FIT. An optical power level of 300mW from the NPRO coupled into free space requires 1.9W of pump power at 808nm. Table II shows the minimum number of diodes required as part of the LDF to ensure laser reliability in excess of 99.7% at mission end, as a function of diode operating temperature. These results were used to bound the solution space. As temperature increases by 24ºC, the number of diodes nearly doubles from 22 to 37. To choose a solution a parametric study of the optical power exponent, n, was conducted. The literature places the value of n between 2 and 5. Given the wide range of possible values, finding a solution that mitigates the impact of n on mission reliability seems prudent. From this investigation it became clear that in order to reduce the impact of n on mission reliability, substantial de-rating of the optical power is required. We will focus our attention on the -1ºC solution. Table I . Matrix of simulation parameters, including diode parameters at rated conditions, pump power requirements, and mission lifetime requirements. Rated pump power refers to the optical power specified at operating conditions (typically at room temperature). Maximum rated power refers to the optical power beyond which the pump diode vendor will no longer warrantee operation.
Operating Temperature, (deg Mission reliability as a function of other parameters was also investigated. Figure 6a) shows a plot of mission reliability as a function of diode median life at rated conditions. Note that for median lives shorter than 15khrs, the mission reliability decreases quickly. For a median life of 12khrs the mission reliability has already been reduced to 95%. Mission reliability is fairly independent of random failure rate up to 4,000FIT and is only a weak function of this parameter up to 10,000FIT. In this range of random failure rate the dominant mechanism driving mission reliability is wearout failure mechanisms. Figure 6b) shows a plot of mission reliability as a function of diode operating temperature. As the temperature increases beyond the baseline value of -1ºC, there is a 2ºC window over which mission reliability exceeds 95%. Beyond this point mission reliability decreases quickly.
Let us briefly consider the factors that determine the pump diode's operating temperature in the context of the diode spectra. As described in the introduction and shown in figure 2 , the desired pump wavelength is ~808nm, designed to overlap with the Nd peak absorption. For the grating stabilized single-mode pump diode the lasing wavelength is determined by the grating bandgap. However, this applies only if the spectral separation between the gain profile and the grating bandgap is small enough. When the separation is too large, the grating can no longer provide effective feedback to the gain medium and the laser will cease operation. Given the large difference in thermal tuning coefficients between the gain profile, 0.3nm/ºC, and the grating bandgap, 0.01nm/ºC, it can been seen that lasers designed to operate at 25ºC will not operate at -1ºC. Thus, the envisioned implementation of the LDF will require custom made pump diodes lasing at 808nm at -1ºC.
At BOL each of the 37 diodes operates at 170mA producing 64mW. Given maximum forward voltage of 2.4V, this translates to the total LDF electrical power consumption of 15.2W. At end of life (EOL) the likely number of diodes remaining in operation is 28 out of 37. Under this scenario each diode operates at 195mA producing 85mW, which results in a LDF power consumption of 17.3W. It is assumed here that after failure the failed diodes continue to draw electrical power in the same way as the remainder of the population. 
PBC Packaging
Having determined the LDF configuration, we now turn to the question of component packaging. Environmental characterization of the pump diode package has demonstrated it to be robust to a whole range of perturbations, including random vibration, thermal cycling, storage at low and high temperatures, etc. In other words, the diode packages have gone through Bellcore-like reliability qualification. We therefore focus our attention on packaging of the PBC, to ensure its survival in extreme environmental conditions. Figure 7 shows a solid model of the PBC package. The PBC as presently implemented by the vendor is a 100mm long device. As the initial step in PBC packaging, the combiner is sheathed by a stainless steel capillary tube. The combiner is secured to the tube at tube ends by a vacuum compatible RTV. The adiabatic taper and splice are safely contained within the tube. Vent holes along the length of the tube allow evacuation of trapped gasses during operation in vacuum. The capillary tube is subsequently inserted within the stainless steel housing. The tube is secured to the housing at 2 locations using RTV. Optical fibers that form the input and output of the PBC are fed through stainless steel ferrules.
After addition of slack to the fibers, the optical fibers are secured to the ferrules to provide strain relief, and then the ferrules are secured to the housing. The cover is secured to the housing using screws, thereby completing packaging of the PBC. This package was designed to ensure PBC protection for temperature excursions from -40ºC to +80ºC and random vibration levels in excess of 90g rms.
AMBIENT CHARACTERIZATION
As an initial concept demonstration we conducted a series of measurements under ambient conditions. A total of 23 pump diodes, meant for operation at room temperature, not -1ºC, were combined using the PBC shown in figure 4b ). This early LPM prototype was then used to pump an NPRO LH. Figure 8 shows a histogram of the optical power from the 23 diodes. All diodes were operated at 220mA at 25ºC. Given the limited diode population (37 diodes were not available), diode de-rating was not implemented. The population average optical power was 97mW, average laser threshold 103mA, and average slope efficiency 0.83mW/mA. Prior to the PBC the total optical power available from this population of pumps was 2.23W. Figure 9 shows a plot of pump peak lasing wavelength as a function of pump bias. From the plot it is clear that 22 of 23 diodes demonstrated acceptable spectral stability over the bias range of interest. This is an acceptable yield for the implementation of a 37 diode LDF. Also from figure 9 it can be seen that the spectral distribution was bi-modal, as will be discussed later. . Note that at maximum insertion loss of 0.5dB the coupling efficiency is 89%, better than that used in calculations outlined in section 2.2. The average coupling efficiency over the 37 channels is 96% with a 2.5% standard deviation. After splicing the 23 diodes to 23 randomly selected PBC inputs, the optical power measured at the PBC output was 2.18W. Figure 11a ) below shows the spectrum of the 23 combined diodes. The bi-modal nature of the population spectral distribution is clearly observed. The 2 modes are closely spaced to the Nd peak absorption band, the first peak occurring at 807.3nm while the second occurs at 808.2nm. Figure 11b) shows a histogram of the diode peak wavelength at 220mA and 25ºC. Figure 12a) shows the combined optical power measured over a period of 30hrs. The optical power is normalized to the average value during this time frame. Over the 30hrs the optical power is bounded by +/-2.5% about the average value. Figure 12b) shows a plot of the combined diode amplitude noise Power Spectral Density (PSD). The combiner output was integrated to a Laser Head (LH) for initial demonstration. At a combined optical power of 2.2W, the LH yielded 312mW at 1319nm. Figure 13a ) below shows the normalized optical power measured over a period of 30hrs, sampled at 4Hz. The optical power is normalized to the average value over the 30hr window. It is likely that the optical power drop observed over the first 3hrs is caused by the variable optical attenuator used in the measurement. Including this feature, the RMS amplitude variation over the 30hrs is 1.5%. Figure 13b) shows a plot of the amplitude variation PSD, measured over a 2min window at 4kHz. Over the 2min window the RMS amplitude variation is 0.65%. a) b) Figure 13 . a) Plot of normalized NPRO optical power measured over 30hrs. Feature observed over initial 3hrs is likely caused by variable optical attenuator used in measurement. b) PSD of optical power variation measured over 2min, sampled at 4KHz.
CONCLUSION
Nd:YAG-based NPRO lasers have been shown to be attractive for many spaceborne applications, particularly in optical metrology. Wearout failure of the pump laser diodes limits the reliability of the entire NPRO laser system and previously restricted its adoption for prolonged missions. We presented a design of pump laser diode farm, that, when used in conjunction with a low-loss, high port count optical combiner, produces a pump module that can support continuous operation over 5.5 years while delivering 2W at 808nm with 99.7% reliability. Experimental demonstration of the combining approach and efficient pumping of a prototype NPRO are also reported. Moving forward we will initiate work on the -1ºC grating stabilized pump diodes.
